This study presents the results of investigations on Ti-6Al-4V alloyed with 1 to 5 wt.% gadolinium. The Ti-6Al-4V+Gd samples are fabricated by metal injection moulding (MIM) using Ti-6Al-4V and elemental gadolinium powder.
Introduction
Rare earth elements can be found in a steadily expanding number of applications in modern materials, enhancing their performance or even being the basis for their functionality. Often they are used only in small quantities as alloy additions, but effect a significant change in the materials properties. Examples are the usage in car exhaust catalysts [1] , special steels [2] , nickel-metal hydride accumulators [3] and high-performance permanent magnets [4] . Rare earth elements are also found in compounds in luminescent materials, special glasses and hard-drives. Furthermore, rare earth elements can be used to remove impurities like nitrogen, oxygen, sulphur, hydrogen and other elements from molten metal. Additionally, they can change the morphology of the sulphide and graphite in steel and cast iron. If rare earth elements are added to stainless steel, they can increase the machinability. In aluminium and magnesium alloys, they improve strength and ductility [5] .
Powder metallurgy methods and especially Metal Injection Moulding (MIM) offer a costeffective approach to fabricate titanium alloys for a wide range of applications [6] . Today, it is possible to process Ti-6Al-4V powders by MIM to components with tensile properties in the range of wrought material [7] . However, in order to further improve the mechanical properties, e.g. the fatigue properties, of Ti-6Al-4V fabricated by MIM, two main problems have to be solved: grain coarsening and contamination by oxygen, nitrogen and carbon during the sintering process.
In [8] it is shown that TiB precipitates in Ti-6Al-4V fabricated by MIM result in a microstructure refinement, while [9] shows that removal of oxygen improves the ductility.
Thus, rare earth elements could possibly combine both effects in one, by reacting with oxygen from the titanium matrix and by forming small oxides leading to grain refinement. Earlier investigations on titanium alloys with gadolinium addition [10] [11] [12] exhibit refined grains that improve the strength of the alloys, and it is also well known that gadolinium is an oxygen getter [10, 12] . Thus, in this study gadolinium was chosen as a possible addition to Ti-6Al-4V. Because there are actually no investigations about Ti-6Al-4V alloyed with gadolinium, this study mainly gives a first overview to show how the microstructure of Ti-6Al-4V changes.
Experimental Procedure
For the specimen preparation spherical, gas-atomised Ti-6Al-4V Grade 5 powder with a diameter less than 45 µm supplied from TLS Technik, Germany, was used. The Gd powder was made from a solid piece of gadolinium by rasping with a steel file. In order to prevent contamination with oxygen and other elements, both titanium powder and gadolinium were handled in a glove box filled with argon. Classification of the gadolinium chippings was performed by light microscope, exhibiting particle lengths from 140 to 575 µm. The chippings were blended with the titanium alloy powder in order to produce three feedstocks containing 1, 3 and 5 wt.% gadolinium, respectively. For all feedstocks, the binder system fraction was kept constant to 10 wt.%, corresponding to about 35 vol.%. The binder system consisted of 35 wt.% polyethylene vinyl acetate (EVA), 5 wt.% stearic acid and 60 wt.% paraffin wax. For the fabrication of pressed samples, metal powder, chippings and binder system were mixed by hand in a stainless steel box on a heater under argon atmosphere. After granulation, the feedstocks were pressed with 10 MPa to cylindrical samples with a diameter of 8 mm and a height of about 10 mm. Furthermore, feedstock with 1 wt.% gadolinium was produced by means of a Z-blade mixer under argon atmosphere for tensile specimens processed by injection moulding. After granulation, the feedstock was injection moulded into a standard "dog bone" shaped tensile specimens (ISO 2740), with a nominal length of about 89 mm and a gauge thickness of about 5 mm. In the following, the different feedstocks are referred to Ti64+1Gd, Ti64+3Gd and Ti64+5Gd for 1, 3 and 5 wt.% Gd addition to Ti-6Al-4V, respectively. The reference sample made from pure Ti-6Al-4V is denoted as Ti64. The green parts were solvent debindered in a LÖMI EBA-50 facility in hexane (runtime: 900 min at 313 K). Hereafter, the specimens were thermally debindered and sintered in a ceramic-free Xerion XVAC furnace under vacuum (10-3 Pa) at a maximum temperature of 1623 K for 120 minutes. A molybdenum plate served as support for the specimens. After sintering, the specimens were cooled down with a rate of 10 K /min.
The density ρ of the sintered specimens was determined by the Archimedes method according to ASTM B311. In order to estimate the actual porosity, first the theoretical density ρ th. was calculated according to equation 1, where ρ i denotes the density of each element and v i its volume fraction in the alloy.
From this value, the specimen porosity P was calculated according to equation 2.
Specimen hardness was determined at room temperature using the Vickers hardness testing procedure. The measurement was performed with a load of 49 N by means of an EM-COTEST hardness tester. For each specimen, four checkpoints with a distance of 1.2 mm were set along a line in the centre of the specimen.
For the image analysis, the specimens were embedded, ground, polished and partially etched with 'Kroll's Reagent' (2 ml HF (40%) and 4 ml HNO 3 (66%) in 1000 ml of water) [13] . From each alloy, one polished and one etched specimen was prepared for image analysis. The polished specimens were used to determine the average form factor and the minimal, maximal as well as the average diameter of the pores. They were also used to confirm the calculated porosity in Table 1 . The etched specimens were used to determine the average size of the α-colonies applying the line intersection method. The lines were parallel with a distance of 100 µm to each other on an image magnified 200 times. The intersection points were set manually, because the structure was too complex to be controlled by the software.
Only complete α-colonies were used, while colonies at the boundary of the image were not included in the analysis. All image analyses were performed by means of the software Olympus analySIS Pro.
For the tensile test specimens, the contents of oxygen and nitrogen were determined using a Leco TC-436AR analyser. The content of carbon was determined with a Leco CS-444 analyser. From each specimen 3 different pieces were analysed. The oxygen equivalent O eq. was calculated from the average of these measurements by use of equation 3 [14] :
c C , c N and c O denote the concentration of carbon, nitrogen and oxygen, respectively.
The tensile test was performed on a servo hydraulic tensile machine with a 100 kN load cell. The tensile test specimens were stretched to breakage in vertical direction at room temperature with a traverse speed of 0.2 mm /min corresponding to a strain rate of 1.2 · 10 −5 1 /s. The specimens were examined by X-ray fluoroscopy to ensure that they were free from flaws.
Images of each alloy microstructure were taken by scanning electron microscopy (SEM) and light microscopy. The images from the SEM were made in SE as well as in BSE-modus with a work distance of 10 mm and an accelerating voltage of 15 kV. Additionally, EDS line analysis was performed.
Results and discussion
In Figure 1a , the typical MIM lamellar microstructure of Ti64 is shown, consisting of α-colonies with fine β-lamellae. The black coloured areas represent the residual pores after sintering. Based on the lamellae orientation, the individual α-colonies can be identified. Figure 1b show the microstructure of Ti64+5Gd. In comparison to Ti64, the α-colony size is significantly smaller. This change of the microstructure will be discussed later in more detail. It must be pointed out that in figure 1b -in contrast to figure 1a -dark coloured precipitates appear as well. Figures 3a-c show the precipitates in higher magnification and, thus, greater detail for the different alloys. The microstructure of Ti64-1Gd (Fig. 3a) exhibits just dark grey coloured precipitates around the pores and inside the titanium matrix. In contrast, in Ti64+3Gd (Fig.  3b ) a second kind of precipitates is visible (blue coloured or middle gray in grayscale print). Furthermore a third kind of precipitate exists in sintered Ti64-5Gd (Fig. 3c) , appearing to be two-phase.
Figure 3: (a-c): Polished microstructure from Ti64+1Gd (3a), Ti64+3Gd (3b) and Ti64+5Gd (3c). Magnification: 1000x. Figure 4 shows an EDS line analysis of a dark gray coloured precipitate shown in figure  3a . This investigation exhibits that gadolinium and oxygen contents are significantly higher inside the precipitate, while the aluminium, vanadium and titanium content decrease rapidly at the border of matrix and precipitate. From this result and because gadolinium is well know as an oxygen getter [6, 15, 16] , it can be assumed that this precipitate is an oxide. According to [11, 17] , possible phases are Gd 2 O 3 and/or Gd 2 TiO 5 . Figure 4 : EDS line analyse of a precipitation from Ti64+1Gd. Magnification: 1500x. Intensity given in arbitary units to show the dependence of a single element. Figure 5 shows the EDS line analysis of a two-phase precipitate visible in figure 3c . This investigation exhibits increased gadolinium and aluminium contents inside the precipitate whereas the oxygen content remains almost constant. Furthermore, the content of aluminium varies inside of the precipitate. This is due to the substructure of the precipitate shown in figure 6 . The crack in figure 6 is probably an indication for residual stress and has caused the oxygen peak in the EDS line analysis. Further EDS investigations, not shown here, determine the substructure in figure  6 being composed of gadolinium and AlGd 2 . In summary, three kinds of precipitates were found in this study. Their occurrence depends on the amount of added gadolinium: in all samples gadolinium oxides exist, while pure gadolinium was found for the 3 and 5 wt% concentrations. AlGd 2 occurred only in the samples with 5 wt% Gd added. According to Table 1 , all Gd added alloys exhibit a residual porosity of 5% which is higher than that of the pure Ti64. However, due to the relatively high density of gadolinium the sinter density increases significantly with increasing gadolinium content. The constant porosity despite of increasing gadolinium content was unexpected, but verified by the image analyses. Figure 6 : 5000x magnification from the gadolinium-rich precipitation in Fig. 5 . The substructure exhibit a high aluminium content. Table 1 also shows the hardness of the specimens. In relation to Ti64, the results show that there is no significant increase or decrease of the average hardness. The reasons for this behaviour could not be clarified in the framework of this study.
Alloy
Sinter density Porosity Hardness Table 1 : Sinter density, porosity and hardness of the cylindrical specimens with different gadolinium content. Sintered at a maximun temperature of 1623 K. Table 2 : Average pore diameter, pore form factor and α-colony size of the cylindrical specimens with different gadolinium content. Sintered at a maximun temperature of 1623 K. Figure 7 confirms this significant shift to smaller pores. The probability for pores with a diameter less than 10 µm increases from 42 % (Ti64) to 63 % (Ti64+1Gd). The results also show that Ti64+3Gd exhibit the largest pore form factor, meaning the pore shape is closest to a sphere. The significant difference to the pore's form factor of the other alloys is shown in figure 8 . The probability for a pore form factor greater than 0.7 increases from 30 % (Ti64) to 65 % (Ti64+3Gd). The last result, presented in Table 2 , is the average α-colony size. There is a significant difference between the α-colony size of pure Ti64 and that of the Gd added alloys, especially of Ti64+5Gd. This difference was already mentioned before in connection with Figures 1a and 1b. Probably, the reduction in grain size is caused by the formation of the precipitates during cooling which act as additional nucleation sites when the beta phase is transformed into alpha by passing the beta transus. Because the number of precipitates depends on the Gd content, the Ti64+5Gd alloy exhibits the finest colony size. Table 3 shows the content of oxygen, nitrogen and carbon of Ti64 and Ti64+1Gd. The results exhibit a small increase of each element in the case of the Gd added alloy. However, all values are well in the range of other studies on MIM of Ti64 [18, 19] and significantly below critical limits in terms of embrittlement [20] .
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Conclusions
The presented investigation shows that it is possible to prepare a reasonable homogeneous powder metallurgical Ti-6Al-4V alloy with Gd additions using MIM with a mixture of prealloyed Ti64 powder with elemental Gd powder. Adding Gd to Ti64 leads to a significant grain refinement and a slight change in pore size and shape. The smaller grain size is believed be beneficial in terms of fatigue behaviour, which should be proved in future investigations. However, in this first study strength and ductility were reduced by the addition of Gd.
From the results shown in this study the following detailed conclusions can be made:
• Adding Gd to Ti-6Al-4V leads to an increase of the porosity from 3.6 to 5 % porosity.
• The solubility for gadolinium in Ti64 below sintering temperature is very low.
• Adding 1 wt.% Gd results in a significant increase in the percentage of smaller pores.
• Adding 3 wt.% Gd significantly decreases the percentage of irregular shaped pores.
• Adding Gd significantly decreases the titanium α-colony size.
• Gadolinium in Ti64 reacts to gadolinium oxides. Thus, a scavenging of the matrix from oxygen may be possible.
• Adding 3 wt.% Gd or more leads to gadolinium precipitations with aluminium-rich substructures.
• In the case of 1 wt% Gd addition the strength is reduced by 70 MPa compared to the pure Ti-6Al-4V alloy processed by MIM.
